, broadening the phenotypes caused by VCP mutations. However, even with this renewed interest in VCP and neurodegenerative disease, we do not have a clear understanding of the function of VCP in specialized cells such as neurons and how IBMPFD-associated VCP mutations alter these functions. In this issue of the JCI, Wang and colleagues now provide new insight into the function of VCP in neurons and how this is disrupted by IBMPFD-associated mutations (5) . This insight could potentially explain the dementia phenotype observed in patients with IBMPFD and cognitive delay in those with neurofibromatosis type 1.
VCP, a multifunctional ATPase
Consistent with its multiple cellular roles, VCP is an AAA + ATPase (ATPase associated with diverse cellular activities). Among the diverse cellular processes for which VCP is necessary are DNA replication, mitosis, protein degradation, endocytosis, membrane fusion, and organelle biogenesis (6) . The ability of VCP to participate in these functions relates to its promiscuity in substrate and cofactor binding. For example, depending upon which cofactors are available, VCP can pull aurora B kinase from chromatin to allow nuclear envelope reformation (7) or triage a misfolded protein that was extracted from the ER lumen to the proteasome for degradation (8) . In order to understand the biologic processes attributed to VCP, one must therefore define its interactome. To date, more than 50 proteins have been shown to associate with VCP either directly or indirectly via ubiquitin adaptors; however, the function of many of these interactions remains unclear (9) . In addition, understanding of cell type-specific interactors and cofactors that have impaired interactions with VCP mutants associated with disease is limited. Recent evidence suggests that it is alterations in cofactor and substrate association and not a global loss of VCP function that explains the pathogenesis of IBMPFD (10, 11).
IBMPFD-associated mutations in VCP alter global protein homeostasis
In terminally differentiated cells such as the skeletal muscle cells and neurons affected in individuals with IBMPFD, VCP is important for maintaining cellular homeostasis ( Figure  1A ). VCP participates in the proteasomal degradation of misfolded proteins and the consolidation of protein aggregates into inclusion bodies (8, 12) . More recently, VCP has been implicated in autophagic and lysosomal degradative pathways (10, 13) . VCP is also necessary for the autophagic degradation of ubiquitinated proteins and mitochondria (14) . In addition, VCP is required for the endolysosomal degradation of select plasma membrane proteins (10) . Mutant forms of VCP associated with IBMPFD have been found to disrupt many of these homeostatic pathways (refs. 10, 12, 13, 15, and Figure 1B) . IBMPFD mutations in VCP may therefore sensitize skeletal muscle and neurons to other environmental and genetic modifiers that enhance tissue-specific degeneration. Alternatively, IBMPFD-associated mutations in VCP may disrupt yet-to-be-defined tissuespecific processes accounting for the selective vulnerability of brain and skeletal muscle. 
IBMPFD-associated mutations in
VCP disrupt select skeletal musclespecific processes In the case of myopathy, perhaps dysfunction in the skeletal muscle-specific myosin chaperone UNC45b and myosin stability (16, 17) , as well as reduction in caveolin-3-mediated signaling (10) , further contribute to the muscle weakness observed in individuals with IBMPFD ( Figure 1B) . In skeletal muscle, IBMPFD-associated mutations in VCP affect the degradation of UNC45b (16) . Too much or too little UNC45b can affect the folding of myosin, altering its stability and resulting in defective myofibrillogenesis (17) . VCP and its cofactor Ufd2 bind to UNC45b and facilitate its degradation via the proteasome. Loss of Ufd2 or expression of IBMPFD-associated mutant VCP stabilizes UNC45b, subsequently altering myosin stability. The stability and function of other muscle-specific proteins may also be disrupted in the muscle of patients with IBMPFD. Using tandem affinity purification of wild-type and IBMPFD-associated mutant VCP, Ritz and colleagues identified caveolin as a novel VCP interactor that failed to associate with IBMPFD-associated mutant VCP (10) . VCP forms a complex with ubiquitinated caveolin and the VCP cofactor UBXD1. Disruption of this complex by chemical inhibition of VCP, knockdown of UBXD1, or expression of IBMPFD-associated mutant VCP impairs endolysosmal trafficking of caveolin (10) . In muscle from patients with IBMPFD, the muscle-specific isoform of caveolin, caveolin-3, is delocalized from the sarcolemma and accumulates within the sarcoplasm (10) . Whether VCP interacts with neuronspecific substrates and if this is affected by IBMPFD-associated VCP mutations, leading to neurodegeneration, is not known.
VCP interacts with NF1 in the brain and mediates synaptogenesis
In this issue of the JCI, Wang and colleagues identify a novel VCP interactor that may help to explain the CNS phenotype in individuals with IBMPFD ( Figure 1B) . By immunoprecipitating neurofibromin-1 (NF1) from adult rat brain homogenates, they identified VCP, along with its cofactor p47, as highprobability interactors (5) . Further analysis confirmed that VCP and NF1 interacted and mapped the region of interaction to a 400-amino-acid leucine-rich domain (LRD) of NF1. In cultured rat hippocampal neurons, knockdown of VCP decreased dendritic spine density, as did NF1 depletion in mice, suggesting that they participate in the same functional pathway. Moreover, expression of the LRD region of NF1 decreased spinogenesis, presumably by interfering with the endogenous interaction between VCP and NF1, since an LRD fragment that did not associate with VCP had no effect. IBMPFDassociated mutations in VCP abrogated the interaction with NF1, and expression of IBMPFD-associated mutant VCP also diminished dendritic spine formation in cultured rat hippocampal neurons.
The mechanism by which VCP and NF1 mediate synaptogenesis is unclear. VCP associates with ubiquitinated substrates via common ubiquitin adaptor proteins that contain ubiquitin-binding domains (i.e., p47, Ufd1/Npl4, UBXD1, and UBXD7) (10) . Although p47 was found by Wang and colleagues to co-immunoprecipitate with VCP and NF1 in rat brain homogenates (5), it is likely not necessary for the VCP-NF1 interaction, since a truncated VCP lacking the p47-binding region also bound avidly to NF1. Moreover, Wang and colleagues found that neither IBMPFD-associated mutant VCP nor dominant negative VCP affected NF1 stability or ubiquitination state. This is surprising, because others have found that NF1 protein levels can be stabilized by genetic knockdown of another known VCP cofactor and NF1 interactor, UBXD8 (18) . Whether UBXD8 is the missing link between VCP and NF1 in mediating synaptogenesis remains to be studied.
A role for VCP in synaptogenesis is intriguing (5). Sudhof and Sugita have previously immunoprecipitated the synaptic vesicle protein synaptotagmin 1 (Syt1) from rat brain and identified VCP as an interactor (19) . VCP associates with Syt1 in a Ca 2+ -dependent manner; however, unlike most specialized synaptic proteins, VCP is expressed at high levels in all tissues examined and did not increase during postnatal brain development, when synaptogenesis occurs (18) . VCP has also been found to associate with another presynaptic protein, strumpellin, which is mutated in a dominant form of familial spastic paraplegia (SPG8) (20, 21) . In Drosophila neurons, potent VCP inhibition results in cellular stress and neuronal death, while mild VCP inhibition, as might be expected with IBMPFD-associated mutant VCP expression, affects dendritic pruning, suggesting that the level of expression of VCP is important for synaptic development and maintenance (22) . The study by Wang and colleagues (5) further supports the notion that VCP is necessary for synaptic development.
VCP and NF1 are potential disease modifiers IBMPFD and neurofibromatosis type 1 are both autosomal dominant monogenic disorders that can lead to variably penetrant phenotypes in multiple organ systems. As mentioned above, patients with VCP mutations can develop pathology in muscle, brain, and bone. These pathologies vary from patient to patient, even those with the same mutation and within the same family. Similarly, patients with mutations in NF1 variably develop musculoskeletal abnormalities such as scoliosis and sphenoid wing dysplasia, along with peripheral nerve tumors such as neurofibromas and schwannomas (23) . A complex constellation of cognitive deficits is also present in a vast majority of patients with neurofibromatosis type 1 (23) . The genetic and/or environmental factors that modify the phenotypes of both IBMPFD and neurofibromatosis type 1 are not known. Wang and colleagues found that patients with neurofibromatosis type 1 who have mutations in the LRD region-encoding portion of the NF1 gene are more likely to have cognitive delay than those with mutations elsewhere in the NF1 gene (5) . In addition, some point mutations in the LRD region-encoding portion of the NF1 gene abolished the ability of NF1 to interact with VCP, while IBMPFDassociated VCP mutants were shown to have reduced affinity for NF1. These observations place VCP and NF1 in similar pathways and suggest that alterations in their interaction may contribute to the dementia and cognitive phenotypes in IBMPFD and neurofibromatosis type 1, respectively.
The identification of genetic modifiers for poorly penetrant monogenic disorders is critical. By manipulating a modifier of disease progression or phenotypic penetrance, one may be able to correct certain aspects of a genetic syndrome. For example, pharmacologically enhancing VCP function may be beneficial for the cognitive delay in some patients with neurofibromatosis type 1. It is also tempting to speculate that genetic polymorphisms in the VCP or NF1 gene may influence each other's phenotype. For example, non-disease-associated polymorphisms in the LRD region of the NF1 gene may increase an IBMPFD patient's risk of developing dementia. Whether this is true remains to be determined. However, as whole-genome sequencing becomes a reality and vast amounts of genetic data are acquired from patients, it will be important to connect the genetic data with biochemical and pathway analysis. The article by Wang and colleagues (5) establishes a framework for how to tease out genetic and biochemical modifiers of complex phenotypes in monogenic disorders such as IBMPFD and neurofibromatosis type 1.
While it has been well established that the fetal liver originates from foregut endoderm, the identity of the mechanisms that maintain liver mass under both basal and injury conditions remains controversial. Dramatically different models have been proposed based on the experimental design employed. In this issue of the JCI, Malato and colleagues report their elegant new model for genetic lineage tracing of mature mouse hepatocytes using an adenoassociated virus-driven Cre recombinase. They show convincingly that maintenance of liver mass during normal turnover or in response to mild injury is achieved by mature hepatocytes, rather than cholangiocytes or specialized progenitor cells, as has been suggested by others.
For parents, the question, where do babies come from? may cause dread or discomfort. The same is true for scientists who are asked, where do hepatocytes come from? The reason for this is that there is not a single answer. Hepatocytes can arise from different cell types depending on age (prenatal vs. adult), the presence or absence of hepatic injury, and even the type and degree of injury. An understanding of hepatocyte origins is a prerequisite for advancing the treatment of liver disease by promoting regeneration of endogenous hepatocytes or by deriving hepatocytes ex vivo for cellular therapy. The work of Malato and colleagues, reported in this issue of the JCI (1), adds new and important information regarding the origins of adult hepatocytes, although controversy still remains.
Fetal hepatocytes are derived from hepatoblasts
One area of clarity regarding hepatocyte origin is that embryonic and fetal hepatocytes arise from hepatoblasts, endoderm-derived cells with the potential to differentiate into either hepatocytes, which populate the bulk of the liver parenchyma, or cholangiocytes, which line the intrahepatic bile ducts. Cholangiocytes differentiate from hepatoblasts near a transient fetal structure called the ductal plate, while the remaining hepatoblasts differentiate into hepatocytes (2) . Hepatoblasts are characterized by coexpression of biliary markers (e.g., cytokeratin 19) and hepatocyte markers (e.g., albumin) as well as hepatoblastspecific genes (e.g., α-fetoprotein). Shortly after birth, this cell type is virtually undetectable in situ. This implies that the supply of hepatocytes necessary for the rapid hepatic growth that occurs in juveniles must arise from another cell type.
